Introduction
The III-V=Si-based tandem solar cell is one of the promising candidates for next-generation solar cells, which can provide high efficiency, low cost, and lightweight cells relative to conventional Si and III-V multijunction solar cells. [1] [2] [3] However, III-V=Si-based tandem cells formed by epitaxial growth typically introduce large cracks at the interface because of the mismatch in crystal lattice and thermal expansion coefficient. 4, 5) Alternatively, a surface activated bonding (SAB) method has been applied to fabricate macroscopic defect-free III-V=Si heterointerfaces. 6, 7) A variety of tandem cells such as InGaP=Si, 8) GaN=Si, 9) and GaInP=GaAs=Si 10, 11) tandem solar cells were achieved by the SAB method, in which SAB-fabricated pn heterojunctions are used to connect the subcells.
The interface resistance would lead to large losses in the operation of multijunction solar cells, 12) owing to a large current density under concentrated sunlight illumination. The reduction in the electrical resistance across the bonding interface is very essential for realizing high-efficiency hybrid tandem cells. The electrical conductivity of the bonding interface could be improved by increasing the doping concentration of the bonding semiconductor. 12) In addition, it was reported that the interface resistance of SAB-fabricated junctions was decreased by annealing at low temperatures owing to the elimination of defects formed at the bonding interface. [13] [14] [15] [16] However, the interface resistance (∼10
Ω·cm 2 ) of SAB-fabricated GaAs=Si junctions 14) is still much larger than that of lattice-matched III-V=IV interfaces formed by epitaxial growth (∼10 −4 Ω·cm 2 ). 17) Therefore, it is necessary to further reduce the resistance of the bonding interface.
Indium tin oxide (ITO) has been widely applied in optoelectronic devices such as solar cells, light-emitting diodes, laser diodes, and photodetectors because it possesses a relatively low electrical resistivity on the order of 2 × 10
Ω·cm and a high transmittance in the visible range of the solar spectrum. [18] [19] [20] The ITO-layer-mediated junction is considered to be one of the most effective tools for enhancing the interface electrical conductivity. We previously successfully bonded an ITO thin film grown on Si substrates to Si substrates by the SAB method and found that the currentvoltage (I-V ) characteristics of the bonded samples revealed ohmic properties. 21) Although the heating of samples is not required during the SAB method, the effects of the annealing process on the electrical behavior of the bonded Si=ITO interfaces are necessary for obtaining low interface resistance.
In this work, we investigated the effects of the annealing process on the electrical properties of n + -Si==ITO=n + -Si, n + -Si==ITO=p + -Si, and p + -Si==ITO=n + -Si junctions fabricated by SAB by measuring I-V characteristics and explored the transport properties of carriers across the bonding interfaces. The structural properties of the bonded interfaces were examined by field emission scanning electron microscopy (FE-SEM).
Experimental methods
ITO films of 90 nm thickness were grown on both p + -Si and n + -Si substrates by the reactive plasma deposition method. 22) The Hall measurements at room temperature revealed that the resistivities and carrier concentrations of p -Si junctions were annealed at different temperatures (100, 200, 300, and 400°C) for 300 s in N 2 gas ambient. All the samples were diced into 2 × 2 mm 2 pieces. We measured their I-V characteristics using an Agilent B2902A at room temperature and investigated the bonded interfaces using FE-SEM (JEOL JSM6500F).
Results
The cross-sectional FE-SEM image of the bonded Si==ITO= Si interface is shown in Fig. 1 . An intermediate layer of about 90 nm thickness was observed at the center of the bonded interface, which corresponds to the ITO layer. Two straight lines between the top Si and the bottom Si can be clearly recognized at both sides of the ITO layer, which correspond to the bonded interface and the plasma-sputtering-deposited interface. There were no structural deficits or hollow spaces observed along the bonded interface. The obtained interface resistances as a function of annealing temperature are shown in Fig. 3(d) . We found that the interface resistance increases with the annealing temperature increasing for all the junctions. The interface resistance of p + -Si==ITO=n + -Si junctions with annealing at respective temperatures is almost consistent with that of n + -Si==ITO=p + -Si junctions. The interface resistance of n + -Si==ITO=n + -Si junctions with annealing at higher than 100°C was found to be the smallest among all the junctions. In addition, note that the interface resistance of n + -Si==ITO= n + -Si junctions increased gradually with increasing annealing temperature up to 300°C, while annealing at temperatures above 300°C caused a large increase in the interface resistance.
The I-V characteristics of ITO=n + -Si and ITO=p It was found that the I-V characteristics of a silicon Schottky diode should be observed in ITO=p + -Si junctions, which is in contradiction with the experimental result. The main reason for the difference between the theoretical and experimental results should be attributed to the formation of the interface defects. It was reported that an interfacial amorphous layer of silicon oxide of 2-3 nm thickness was formed at the ITO=Si interface fabricated by the plasmabased deposition method. [27] [28] [29] The surface bombardment during the growth process was assumed to induce the interfacial amorphous layer, which is similar to the amorphous layer formed at the bonding interface by Ar atom fast beam irradiation during the SAB process.
14) The interface states were distributed in the amorphous layer. It is consequently assumed that the tunneling-assisted recombination via the interface states formed in the amorphous layer plays a major role in the transport properties of carriers across the ITO=Si interfaces.
The energy-band diagrams of the ITO=n + -Si and ITO= p We found that the electrical conductivity in all the junctions significantly degraded with the increase in annealing temperature. However, it has been reported that the resistivity of the ITO films deposited on Si substrates markedly decreased with increasing annealing temperature. 31, 32) The increase in electrical conductivity of the ITO film was attributed to the elimination of the positron traps such as vacancies and vacancy clusters around the grain boundaries and the improvement of ITO film crystallinity. It has also been reported that the thickness of the interfacial amorphous oxide layer formed at the ITO=Si interface increased as the annealing temperature increased. 27 ) Hence, we suggest that the degradation of the electrical conductivity in all the ITO=Si junctions with annealing at high temperature should contribute to the increase in the thickness of the interfacial amorphous oxide layer. Note that the interface resistances of p those of n + -Si=p + -Si and n + -Si=n + -Si junctions fabricated by SAB. 15) Furthermore, the interface resistances of Si=ITO=Si junctions are sufficiently low for application in concentrator photovoltaics. 33) These results indicated that ITO as an intermediate layer has great potential to reduce the resistance of the bonding interface. 
Conclusions

